Neonatal hypoxic-ischemic brain injury remains a significant cause of morbidity and mortality and lacks effective therapies for prevention and treatment. Recently, interest in the biology of polyphenol compounds has led to the discovery that dietary supplementation with foods rich in polyphenols (e.g. blueberries, green tea extract) provides neuroprotection in adult animal models of ischemia and Alzheimer's disease. We sought to determine whether protection of the neonatal brain against a hypoxicischemic insult could be attained through supplementation of the maternal diet with pomegranate juice, notable for its high polyphenol content. Mouse dams were provided ad libitum access to drinking water with pomegranate juice, at one of three doses, as well as plain water, sugar water, and vitamin C water controls during the last third of pregnancy and throughout the duration of litter suckling. At postnatal day 7, pups underwent unilateral carotid ligation followed by exposure to 8% oxygen for 45 min. Brain injury was assessed histologically after 1 wk (percentage of tissue area loss) and biochemically after 24 h (caspase-3 activity). Dietary supplementation with pomegranate juice resulted in markedly decreased brain tissue loss (Ͼ60%) in all three brain regions assessed, with the highest pomegranate juice dose having greatest significance (p Յ 0.0001). Pomegranate juice also diminished caspase-3 activation by 84% in the hippocampus and 64% in the cortex. Ellagic acid, a polyphenolic component in pomegranate juice, was detected in plasma from treated but not control pups. These results demonstrate that maternal dietary supplementation with pomegranate juice is neuroprotective for the neonatal brain. Neonatal hypoxic-ischemic brain injury is a significant cause of mortality and permanent disability in the perinatal period with an incidence estimated at~2 per 1000 live births (1, 2) . It can lead to encephalopathy, seizures, and permanent motor impairment, including cerebral palsy (3, 4) . Accurately predicting which fetuses are at risk for brain injury from HI is extremely challenging, and interventions that have been tested to date have been directed at rescue modalities. Strategies that are neuroprotective in animal models include agents and therapies that antagonize the excitotoxic cascade, inhibit apoptosis activation, reduce nitric oxide synthesis, and decrease free radical generation (5) (6) (7) (8) (9) (10) (11) . After neonatal HI, there is a rapid necrotic injury as well as a delayed apoptotic injury (10, 12, 13) . Despite the prolonged apoptotic injury, a significant issue remains that even if a strong neuroprotectant is identified, by the time a neonate who is experiencing hypoxic-ischemic insult is recognized, it may be too late for the agent to have an effect. Another approach would be to administer a protective agent to all mothers during pregnancy so that if a hypoxic-ischemic insult occurred, the agent would already be present at therapeutic levels. A similar population-based preventive approach-enriching the maternal diet with folic acid-has decreased the incidence of neural tube defects by up to 70% (14) .
The ideal neuroprotective candidate agent would be systemically deliverable, would possess a wide therapeutic window, would be easily stored, and could be provided throughout the peripartum period to the expecting mother in a safe manner. In this study, we adopted the paradigm of pretreatment in an attempt to provide neonatal neuroprotection through manipulation of the maternal diet. Dietary supplementation with foods rich in polyphenols-blueberries, green tea, and apple juicehas been shown to provide neuroprotection in an animal model of focal brain ischemia, an animal model of periventricular white matter injury, and an animal model of Alzheimer's disease (15) (16) (17) (18) (19) .
Polyphenols-molecules that are defined by the presence of an aromatic ring bearing one or more hydroxyl substitutes-are products of plant metabolism (20) . These compounds have been found to possess antioxidant properties as well as to have effects on gene expression (21) . Specifically, one polyphenol, resveratrol, a recognized constituent of red and white grapes and a variety of plants and trees, has been shown to increase activity of members of the sirtuin gene class, blunting p53 action and blocking apoptosis (22) (23) (24) . Recent studies indicate that among foods that contain polyphenols, juice extracted from the pomegranate has the highest concentration of measurable polyphenols (25, 26) (Aviram M, unpublished data, 2002) . The pharmacologic actions of pomegranate juice include antiatherosclerotic, antibacterial, and antiproliferative properties (27, 28) . Studies of dietary supplementation with pomegranate juice have shown protective effects against atherogenesis and atherosclerosis as well as reduction in serum angiotensin-converting enzyme activity with subsequent reduction in systolic blood pressure (29 -31) . Given these results, we wondered whether maternal dietary supplementation with pomegranate juice would result in protection against neonatal brain injury. We used a well-characterized model of term neonatal HI to investigate the neuroprotective capability of pomegranate juice in a pretreatment paradigm (32) . Results show that there was a strong neuroprotective effect of pomegranate juice, suggesting that such an approach should be explored further as a potential prevention strategy.
METHODS
Animal protocol. The Washington University animal studies committee approved this protocol. Mature C57BL6 mice (all reproductively naïve at approximately similar birth ages) were obtained from Taconic (Germantown, NY) and were housed in a light cycle-controlled approved animal facility. Breeding pairs were established, and mice were provided ad libitum access to rodent diet and water. Once pregnancy was identified (breeding cages were inspected daily, pregnancy is most commonly recognized at~E14 with delivery ensuing typically at~E21), the pregnant mouse was placed in a solitary cage and provided ad libitum access to plain water or water modified with supplements as described below. Neonatal HI was performed as previously described (33) (34) (35) . Briefly, at postnatal day 7 (P7), pups were anesthetized with halothane (induction at 5%, maintenance at 1%, balance of gas as room air) and the left common carotid artery was exposed and Bovie cauterized (Aaron Medical, St. Petersburg, FL). Skin was re-approximated with Nexaband (Abbott Laboratories, North Chicago, IL). Total anesthesia time per animal was typically 3 min. Pups recovered in a humidified room air incubator for~30 min and then returned to the cage with the dam for~1.5 h. Exposure to hypoxia then was performed in sealed 500-mL chambers immersed in a 37°C water bath that was supplied with humidified 8% oxygen, with balance 92% nitrogen, for 45 min. Pups then recovered again in a humidified room air incubator for 30 min and were returned to the dam. Pups were weighed during the first day after birth and at P7 just before exposure to HI.
Treatment. Pregnant mice were provided drinking fluid that contained either a high dose of pomegranate juice concentrate (Wonderful variety of pomegranates, POM Wonderful, Los Angeles, CA) diluted 1:80 in deionized, filtered water estimated to provide 32 mol of polyphenols per day, a middle dose of pomegranate juice (1:160 dilution of pomegranate juice concentrate estimated to provide 16 mol of polyphenols per day), or a low dose of pomegranate juice (1:320 dilution of pomegranate juice concentrate estimated to provide 8 mol of polyphenols per day). Sugar water control was prepared to replicate the sugar mixture and content of the middle dose dilution of pomegranate juice concentrate. Specifically, 240 mL of pomegranate juice at middle-dose dilution contains 35 g of sugars. Sugar water was made to contaiñ 85% sucrose (Fisher Scientific, Fair Lawn, NJ) and 15% D-(ϩ)-glucose (Sigma Chemical Co., St. Louis, MO) and D-fructose (Fisher Scientific) in equal proportion. Vitamin C control water was mixed to provide the equivalent dose of 15% of the U.S. recommended dietary allowance (45 mg/d for female humans) of vitamin C intake based on an average adult mouse fluid consumption of 5 mL/d. Specifically, 0.45 mg of L-ascorbic acid (Fisher Scientific) was diluted in 100 mL of deionized water. All drinking fluids except plain water were provided in red light-blocking bottles (Ancare, Bellmore, NY). Total treatment time for all groups was typically 15 d (7 d in utero and 8 d ex utero) for mice that underwent caspase-3 analysis and 21 d (7 d in utero and 14 d ex utero) for mice that underwent histologic analysis. There was no more than 1 d of variation in the in utero treatment time between litters. Maternal age did not significantly differ between the groups. All treatment group dams consumed on average 2 mL of fluid per day with no observed differences between any group. All treatment groups were provided ad libitum access to rodent diet; caloric consumption was approximated by quantification of maternal weight change. No differences were noted in weight between mothers of different treatment groups. All pups, male and female, were used in these experiments.
Histologic measurements. Mouse pups at P14 (7 d after HI) were anesthetized with 200 mg/kg i.p. pentobarbital, perfused through the left ventricle with heparinized 0.1 M PBS, and decapitated. We analyzed tissue loss at this time point as it is clear cut and easily quantifiable (11, 33, 34, 36) . Furthermore, although the amount of tissue loss continues after P14, it is mostly complete at this time in the mouse (D.M. Holtzman, unpublished observations). The whole brain was removed, fixed in 4% paraformaldehyde for 24 h at 4°C, and transferred to 30% sucrose (wt/vol) in PBS at 4°C. Coronal sections (50 m) were cut on a freezing sliding microtome from the genu of the corpus callosum caudally to the end of the hippocampus and were stained with cresyl violet after mounting on Superfrost glass slides. Cross-sectional areas of the striatum, hippocampus, and cortex were measured in each of eight equally spaced samples with SigmaScan Pro 5 (Jandel Corp., San Rafael, CA). The total cross-sectional area for each brain region was calculated, and the percentage of area loss in the injured (ipsilateral) versus noninjured (contralateral) hemispheres was determined for each animal as previously described (10, 36) . Slides were assigned a random number matched to the respective litter, and the histologic analysis was performed by the investigator (D.L.) who was blinded to treatment group.
Caspase-3 activity assay. Twenty-four hours after hypoxic-ischemic exposure at P7, pups were killed and perfused as described above. Hippocampus and cortex from ipsilateral and contralateral hemispheres were dissected on iced glass and snap-frozen in dry ice. Whole-cell protein extracts for each sample were prepared via homogenization in 400 L of tissue lysis buffer [10 mM HEPES, 7.5 mM MgCl 2 , 2 mM EGTA, 1% Triton-X, 1% 2-mercaptoethanol, and protease inhibitor (Roche Molecular Biochemicals, Indianapolis, IN)], adjusted to pH 7.4) and centrifuged at 12,000 ϫ g for 10 min at 4°C. Protein concentration of the lysates was determined with a bicinchoninic acid protein assay kit (Pierce, Rockford, IL). Ten microliters of each sample was incubated in a 96-well plate with 90 L of assay buffer (10 mM HEPES, 42 mM KCl, 5 mM MgCl 2 , 1 mM dithiothreitol, 0.5% CHAPS, and 10% sucrose, adjusted to pH 7.4) that contained 30 M Asp-Glu-Val-Asp-7-amino-4-methyl coumarin (DEVD-AMC; Calbiochem, La Jolla, CA). Emitted fluorescence was measured in 5-min intervals for 30 min at room temperature with an excitation wavelength of 360 nm and an emission wavelength of 460 nm using the Bio-Tek (Winooski, VT) FL600 microplate fluorescence reader. DEVD cleavage activity was obtained from the slope of fluorescent units per time. Standard curves were generated from Ac-AMC (Calbiochem) dilutions in assay buffer. Caspase-3 enzyme activity then was expressed as picomoles of AMC per microgram of protein per minute.
Ellagic acid detection. Mouse pups in the high-dose pomegranate juice supplementation group at P14, 7 d after hypoxic-ischemic exposure, were anesthetized with pentobarbital as described above. Whole blood was withdrawn from the left atrium into 1-mL syringes that first were washed with 0.5 molar EDTA. Plasma was separated from whole blood by centrifuge at 12,000 ϫ g at 4°C. Because of the low volumes of mouse plasma collected and the 859 Chromatography Software, Milford, MA) and liquid chromatography mass spectrometry (LCMS; HP 1100LC; Hewlett-Packard, Palo Alto, CA) methods as previously reported (37, 38) . Briefly, acetonitrile and phosphoric acid were added to the plasma to precipitate proteins, and the mixture was centrifuged at 3500 ϫ g for 10 min at 5-10°C. The supernatant liquor was evaporated to dryness in a SpeedVac, reconstituted to a smaller volume (100 L) in methanol, and then injected (25 L) onto the HPLC. A separate sample (25 L) was also injected on the LCMS to confirm the identity of ellagic acid.
Statistics. Continuous variables (percentage area tissue loss, caspase-3 activity, pup weight) are presented as mean Ϯ SEM. Statistical significance of intergroup differences was determined by one-way ANOVA followed by a post hoc Dunnett's multiple comparison test for analysis of tissue loss and pup weights. A two-tailed t test was used to compare the injured hemispheres in the two groups in the caspase-3 assay
RESULTS
To determine whether exposure to substances that are present in pomegranate juice influenced brain injury as a result of neonatal HI, P7 mice from dams that received pomegranate juice supplementation or not in their drinking water underwent unilateral (left) carotid ligation followed by exposure to 45 min of hypoxia (8% oxygen). One week later, at P14, mice were killed and brains were assessed for extent of tissue loss. In this model, tissue loss occurs in the brain hemisphere ipsilateral but not contralateral to carotid ligation. Pups from litters that were exposed to plain water, sugar water, or vitamin C-supplemented water all had~40% loss of hippocampal tissue and 10 -20% loss of cortical and striatal tissue in the hemisphere ipsilateral to carotid ligation (Fig. 1) . The amount of tissue damage did not differ significantly among these three groups, and the amount of damage was virtually identical to what we have previously seen in this model using C57/BL6 mice (33, 34) . Strikingly, pups in litters that were exposed to low-, middle-, and high-dose pomegranate juice had much less brain injury (Fig. 1) . The group that received high-dose pomegranate juice had Ͼ50% less tissue injury compared with the plain water control group, and the effect in this group was of highest statistical significance [p Ͻ 0.0001; percentage area loss Ϯ SEM; high-dose pomegranate juice (n ϭ 11): hippocampus, 15.9 Ϯ 3.5%; cortex, 2.5 Ϯ 1.2%; striatum, 5.4 Ϯ 2.4%; plain water control (n ϭ 15): hippocampus, 42.4 Ϯ 5.2%; cortex, 20.3 Ϯ 2.8%; striatum, 20.1 Ϯ 3.1%]. Although there was a trend for a dose-dependent effect of pomegranate juice supplementation, the amount of injury in all groups that received pomegranate juice did not differ significantly from each other.
To both validate these results and to begin to assess whether pomegranate juice decreased certain types of cell death, we subjected additional litters of mice that were exposed to highdose pomegranate juice or plain water to HI at P7 and then quantitatively assessed the amount of caspase-3 activation in brain tissue lysates 24 h after HI. Caspase-3 activation is a marker of apoptotic death and has previously been shown to be markedly increased after HI in the neonatal brain (10, 39) . As seen with brain tissue loss, litters that were exposed to highdose pomegranate juice had significantly less DEVDase activity, a marker of caspase-3 activation, in both the hippocampus and the cortex compared with controls (Fig. 2) . The decrease in caspase-3 activity was somewhat greater in the hippocampus (84% decrease) versus the cortex (64% decrease).
To validate the presence of pomegranate juice components in the mouse pups, we collected plasma from pups that were exposed to maternal pomegranate juice supplementation as well as all three control groups. Ellagic acid, a polyphenol found in high concentrations in pomegranate juice, was detected in mouse plasma from the treatment group using HPLC-UV as previously reported (38) . On the basis of this method, we estimated the plasma ellagic acid concentration at 1.8 ng/mL. The presence of ellagic acid in mouse plasma from the treatment group was confirmed by LCMS at a molecular ion of m/z (M-H ϩ ) of 301 ( Fig. 3A) and by tandem LCMS analyses as previously reported with molecular ions at m/z 257 and 229 as distinct from quercetin, which would have ions at m/z 179 and 151 (37, 40) (Fig. 3B) . Ellagic acid was not detected in plasma samples that were collected from mice from the control groups. This confirms maternal gastrointestinal absorption of pomegranate juice components and passage of polyphenol compounds across the mouse placenta from maternal serum to pup serum.
To determine whether exposure to pomegranate juice resulted in other differences between the groups, we assessed the weight of pups immediately after birth and just before exposure to HI. Mean birth weights of pups in the various groups were not significantly different (data not shown). At P7, immediately before HI, pups in the plain water group did not differ in weight from those in the high-dose pomegranate juice or vitamin C Figure 1 . Pomegranate juice (PJ) protects against brain tissue loss following neonatal HI. Percent of tissue loss in injured versus uninjured brain hemispheres at 7 days after HI exposure: (A) hippocampus, (B) cortex, and (C) striatum, respectively, in pups suckling from dams provided plain water (PW; n ϭ 11); high (H; n ϭ 11), mid (M; n ϭ 11), or low-dose (L; n ϭ 6) PJ, vitamin C water (Vit C; n ϭ 5); or sugar water (CHO; n ϭ 13). High, mid and low dose PJ supplementation significantly decreased tissue loss versus plain water control (**p Ͻ 0.0001, *p ϭ 0.01). There was no significant difference between the amount of tissue loss when comparing the plain water, vitamin C, and CHO groups. 860 group (Fig. 4) . P7 pups from groups that received low-and middle-dose pomegranate juice had a small but significantly greater mean weight, and the sugar water control group had a significantly lower mean weight than the plain water control group. Weights at P14 were randomly assessed and showed similar variation. It is unlikely that the weight differences account for any of the effects of pomegranate juice, because the weights of the high-dose pomegranate juice group and plain water control group did not differ and there was no difference in extent of injury among any of the various control groups despite the small weight differences. All mouse pups from each litter were used in these experiments, although the sex of the pups was not recorded. As sex-dependent neuroprotection has been described in several rodent models (41, 42) , future experiments will be required to sort out whether there are any sex-dependent differences in effects of pomegranate juice.
DISCUSSION
In this study, we demonstrated that supplementing the mouse maternal diet with pomegranate juice, a food highly enriched in polyphenols, in the peripartum period provides significant neuroprotection from hypoxic-ischemic injury to neonatal mice. The histologic protection is associated with a decrease in markers of apoptosis, specifically caspase-3 activity. Similar neuroprotective effects of foods with high polyphenol contents have been reported in an adult rodent models of stroke (16) . To our knowledge, this is the first demonstration of neonatal neuroprotection accomplished through natural food supplementation of the maternal diet. The most significant neuroprotective effect was observed at the highest dose of pomegranate juice supplementation, equivalent to consumption of two 8-oz glasses of pomegranate juice per day in an adult human (30) . At this dose, there was no statistically significant difference in pup weights between high-dose-treated and plain water control groups, suggesting that neither caloric intake nor body weight could account for the neuroprotective effect. This trial was conducted in C57BL6 mice; variation of therapeutic effect of treatments in different species has been described (43) . Thus, further investigation of pomegranate juice's neuroprotective capabilities in other species is warranted. Histologic and biochemical analyses were performed at 24 h and 7 d after injury in this study. Although evolving cell death after HI has neared completion by several days after HI, further study of multiple time points after hypoxic-ischemic exposure would help to establish that pomegranate juice supplementation inhibits rather than delays evolution of brain injury.
The exact mechanisms underlying pomegranate juice's neuroprotective actions remain to be elucidated. Commercially available pomegranate juice is produced from pressing the whole fruit and heating the juice products; the resultant liquid thus contains a complex mixture of polyphenols (20, 44) . These compounds undergo varying degrees of intestinal and hepatic metabolism, including O-methylation and glucuronidation with detection of Ͻ10% of the parent compounds in urine and feces (45) (46) (47) (48) (49) . Whereas intestinal absorption of polyphenols is well described, penetration into various target organs, specifically the placenta, is unknown (50, 51) . In this study, we demonstrated the passage of ellagic acid from maternal serum to pup serum. Furthermore, at least one polyphenol-epigallocatechin gallate-has been shown to cross the murine blood-brain barrier in vivo; others have been demonstrated to cross an in vitro model of the blood-brain barrier (52, 53) . The actual compound or compounds-or their synergistic combinationthat mediate this described neuroprotection are not yet clear. In our study, we looked for and detected the presence of one specific polyphenol, ellagic acid, in pup serum, thus establishing maternal-placental transfer of a pomegranate juice constituent. In vitro neuroprotection investigations of various polyphenols has found efficacy in the low micromolar range (0.1-10) with exposures of not more than 24 h (18, 54) . Although the concentration of ellagic acid in plasma was in the low nanomolar range, pomegranates contain numerous polyphenols (25, 26) (Aviram M, unpublished data, 2002) . Thus, the total concentration of polyphenols in the plasma of the mouse pups is likely to have been significantly higher than that of only ellagic acid. It is conceivable that the total polyphenol concentration over the time period of exposure in our study potentially reached the low micromolar range in the serum that has been shown to exert antioxidant effects. In addition, because of the lipophilic nature of polyphenols, the concentrations achieved in the CNS with prolonged exposures may be significantly higher than in the serum. Studies to specifically measure brain polyphenol content will be required to fully address this issue.
One recognized polyphenol, resveratrol, inhibits LDL oxidation, modulates cyclooxygenase-2 expression and activity, and possesses anti-inflammatory activity (55-57). Reactive Figure 2 . PJ decreases caspase-3 activity 24 hours after neonatal HI. DEVD-AMC cleavage activity in ipsilateral plain water control (n ϭ 13) versus high dose PJ (n ϭ 15) exposed pups (A) hippocampus (**p ϭ 0.0002) and (B) cortex (*p ϭ 0.0088) versus plain water control. DEVD-AMC assay was performed 24 hours after injury. Activity measured in the brain hemisphere contra-lateral to the side of injury are the same levels as in non-HI exposed animals. CC, contralateral control; CT, contralateral treated; IC, ipsilateral control; IT, ipsilateral treated.
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POMEGRANATE JUICE IS NEUROPROTECTIVE nitrogen and oxygen species play important physiologic and pathologic roles in neonatal HI, and attenuation of synthesis of these compounds during HI has been shown to provide neuroprotection (58 -60) . In light of this, it is interesting to note that pomegranate juice has a significant antioxidant capacity (51, 61) . Glutathione is a well-characterized reactive nitrogen and oxygen species scavenger in the brain, and catechins (another constituent of pomegranate juice) have been shown to increase intracellular glutathione levels and modulate glutathione peroxidase activity (62) (63) (64) (65) . Catechins also modulate tyrosine kinase and protein kinase C signal transduction pathways in vitro (30,66 -69) . Although the roles of these signal pathways in HI-induced neurotoxicity are complex, protein kinase C has been demonstrated to play a role in microglial release of glutamate (70) . Catechin and epicatechin have been shown to reduce ischemia and reperfusion injury in gerbils (71) . Although these compounds (interestingly present in dark chocolate as well) possess potent antioxidant capacities, they also increase superoxide dismutase activity and have been shown to protect against brain lipid peroxidation (61, 72) .
Inflammation and related interferons and interleukins have been clearly implicated in neonatal brain damage from HI (73) (74) (75) . Pomegranate juice, in both in vitro and in vivo systems, has been shown to attenuate immune system activity as measured by macrophage LDL uptake and superoxide anion release (29, 30) . These studies offer evidence that pomegranate juice may provide some degree of microglial and immune system quiescence during HI challenge.
Although no randomized, controlled trials to detect negative health effects of pomegranate juice consumption have been performed in pregnant women, there is no anecdotal evidence to suggest any harmful effects. Our study did not reveal any gross teratologic effects from maternal dietary pomegranate juice supplementation, although we did not survey specific pup organ histology. Specific investigation of long-term human fetal exposure to maternal dietary supplementation with pomegranate juice has not been performed; however, doses of 100 g of pomegranate extract in a chick embryo model were nontoxic (76) . Humans have consumed pomegranate juice since the beginning of recorded history without any reported adverse health consequences. In vivo studies of the most abundant polyphenol isolated from pomegranate juice-the ellagitannin punicalagin-found no histologic evidence of hepatotoxicity or renal toxicity or variation in liver aminotransferases or serum bilirubin in adult rats that were fed a diet enhanced with punicalagin for 37 d (77). It will be important in further studies in humans to determine whether there are any short-or long-term risks of pomegranate juice to pregnant women and the developing fetus as these issues have not been examined in this study.
In this study, the maternal diet was supplemented with pomegranate juice beginning at the last third of gestation and ending after the pups were killed (either at 24 h or 7 d after hypoxic-ischemic exposure). Therefore, we cannot determine whether the neuroprotective agent or agents were provided during gestation, postnatal life, or both. In future studies, it will be interesting to determine whether specific polyphenols or other compounds in pomegranate juice are individually neuroprotective and, if so, by what mechanisms they exert their effects.
CONCLUSIONS
Evidence is gathering that suggests that pomegranate juice may modify the natural history of an expanding repertoire of diseases. Specifically, pomegranate juice is being investigated as an adjuvant in treatment of atherogenesis, breast cancer, and prostate cancer (28, 78) . On the basis of our study, we conclude that maternal dietary supplementation with pomegranate juice, a food rich in polyphenols, is neuroprotective to the neonatal mouse brain. This suggests that further studies with pomegranate juice in other species, including humans, are warranted. Study of specific, purified, polyphenol compounds or their metabolites and mixtures of polyphenols present in pomegranate juice will help to further elucidate neuroprotective mechanisms.
